RF performance of fifth-generation (5G) new radio (NR) millimeter-wave (mmW) system will be characterized overthe-air (OTA) in 3GPP 5G NR performance and type approval testing. Total system error vector magnitude (EVM) performance has not been standardized in 3GPP since mobile and base stations are certified separately. In this article, we extend the OTA measured system EVM concept to cover EVM performance testing with beam steering for 5G mmW radio link. We show that the OTA measured system EVM inside of an electromagnetic compatibility (EMC) chamber can be directly converted to an expected link range, and this has been verified with outdoor measurements. The EVM measurements are performed for a set of beamforming directions to form an expected coverage area. The OTA measured system EVM results confirm that the 5G mmW proof-of-concept (PoC) radio supports 5G NR 16-QAM and 64-QAM modulations as well as 256-QAM modulation, which is currently specified for sub-6 GHz, only. The maximum estimated range of the 5G PoC mmW link is 840 m with 16-QAM modulation and 150 m with 256-QAM modulation. The estimated cell coverage with ±15 • beam steering varies from 205 000 to 6500 m 2 using 16-QAM and 256-QAM modulations, respectively. Usable beamwidth (BW) of the transceiver array is dependent on the system EVM requirement. It varies based on modulation, coding, and link distance. This phenomenon is called cell breathing, which is similar to any cellular system with adaptive coding techniques, although BW might be much narrower in 5G mmW systems.
enhanced data rates is that the 5G system will be deployed at millimeter-wave (mmW) bands where wider communication bandwidth can be used. The promise is to provide up to 20-and 10-Gb/s peak data rates for downlink and uplink, respectively. The first trial 5G mmW network was demonstrated in 2018 [1] , and the first commercial network was opened in April 2019 [2] .
Propagation loss at mmW frequencies is significantly higher compared to LTE frequencies, and antenna arrays will be used in 5G mmW mobile and base stations (BSs). A different number of antennas from 32 [3] to 144 [4] or even 384 elements [5] have been reported in the literature to support 5G mmW operation. Cabling of the antenna array for conducted testing would be very complicated, and the small physical dimensions of the array would make conducted testing unfeasible. For this reason, the 5G mmW new radio (NR) standards [6] , [7] utilize radiated measurements for characterizing the radio performance.
A system error vector magnitude (EVM) is a combination of transmitter (Tx) and receiver (Rx) EVMs. In the LTE system, the EVM is measured only at the highest transmission (TX) power level [8] . The reception (RX) EVM is used as a design parameter for the RX signal path, and this is validated via bit error rate (BER) or block error rate (BLER) measurements. However, the relationship between BER/BLER and RX EVM is a nonlinear function depending on the used signal modulation, coding, digital signal processing, and RX signal level. The EVM gives a more consistent measure of RF performance than BER or BLER. The system EVM performance of the mmW system at an indoor scenario with multiple beams has been studied in [9] .
The system EVM values were measured from the boresight direction of the radio unit without beam steering in our previous work [10] . The measured system EVM can be converted into the expected link range, which is a 1-D metric. This concept can be extended into a 2-D measurement to estimate the coverage area of the 5G mmW cell by using beam steering. The TX EVM standalone performance has been measured by using 16-QAM single-carrier test signal with beam steering at 71 GHz in [11] . The 256-QAM modulation has been demonstrated using the 80-MHz wide test signal at 28 GHz with conductive measurements in [12] .
Currently, transceiver cell coverage testing is performed outdoors with drive testing, and hence, it suffers from weather conditions, data traffic of the cell, moving objects such as cars, and external interference. Repeatability of such outdoor measurements is poor, and the results are environment dependent. Over-the-air (OTA) testing with a channel emulator inside an electromagnetic compatibility (EMC) chamber is another possible method, but such systems are not widely available for mmW frequencies. In mmW systems, line-ofsight (LOS) propagation conditions are often assumed. In the LOS scenario, the cell coverage estimation can also be done in a laboratory environment with good accuracy due to the relatively static propagation conditions of a directive mmW link. Such measurements can be performed inside of the EMC chamber, where the link is isolated from external interference. Laboratory measurements are faster, cheaper, and more repeatable compared to the time-consuming field testing.
This article is organized as follows. Section II presents an overview of the proof-of-concept (PoC) 5G back-haul radio solution. Section III focuses on the methods of characterization of the system EVM. Section IV presents the system EVM characterization without beam steering, and Section V presents the system EVM characterization with beam steering using multiple 5G modulations, and corresponding link and coverage range estimations.
II. IMPLEMENTED 5G mmW RADIO SUPPORTING 28 GHz
A mobile 5G mmW backhaul radio unit has been designed to support the frequency band from 26.5 to 29.5 GHz, which is currently called band n257 in the 3GPP 5G NR specification [6] . The 5G mmW radio unit was publicly demonstrated in the 2018 Winter Olympics in South Korea.
The radio unit has two radio cards: the block diagram of one radio card is shown in Fig. 1 and a photograph of the radio card in Fig. 2 . The radio card is an improved version of the 5G mmW radio presented in [13] . The RF architecture is a superheterodyne with an intermediate frequency (IF) at 4 GHz. Low-side subharmonic mixing is used in both Rx and Tx. A voltage-controlled oscillator (VCO) is running at the 6-GHz range, and the local oscillator (LO) frequency is two times the VCO frequency, which is filtered with a high-pass filter and fed to a subharmonic mixer. The RF solution supports time-division duplex (TDD) with RF switches that connect transmission and reception signals to a common antenna port located in the Tx/Rx front-end block. RF power distribution is done with a tree structure, where power combining is done at mmW frequency. The radio card includes 16 Tx and Rx chains, and each Tx and Rx chain pair has a shared 5-bit digitally controlled phase shifter located at the Tx/Rx frontend block of Fig. 2 . The common path for all chains includes frequency conversion, bandpass filtering of mmW frequency band, low-pass filtering at IF, and power/gain control for TX and RX signals. The radio card has two IF inputs enabling multicarrier combining. The power amplifier (PA) used in each Tx branch, and the driver stages, is a gallium nitride (GaN)based PA (TGA2595), which has a saturated output power (P sat ) of 39.5 dBm.
Each radio card is connected to an antenna module, including 64 linearly polarized antenna elements shaped in 16 × 4 configuration presented in detail in [14] . Hence, each Tx and Rx chain is connected to a four-antenna element subarray via RF connectors, which are located at the middle of the radio cardin Fig. 2 . Antenna element spacing is a half wavelength at 28 GHz, leading to the spacing of a wavelength between the fixed four-element subarrays. Due to this RF architecture, the PoC radio unit supports the beam steering of ±15 • without significant sidelobes [15] .
An automatic gain control (AGC) can be set for TX and RX separately. The AGC is implemented with digitally controlled 5-bit step attenuators of 31-dB range at mmW frequency, as shown in Fig. 1 . The AGC functionality is implemented The RF system-level noise figure (NF) of the whole Rx array is 5.6 dB, and the NF of one Rx path prior to the first power combining is 4.9 dB with typical component values. Components, including passive ones, after the first power combining, have a minor contribution to the total NF of the Rx array. The gain of the Rx can be lowered 15 dB from the maximum Rx gain without a significant increase to NF of the whole receiver, as shown in Fig. 3 [10] . Effects of component-to-component variations to the NF of the array receiver based on component specification limits are shown in Fig. 3 . For low gain and high NF values, the NF of the array is 6.7 dB, whereas, with high gain and low NF, the NF of the array is 5.2 dB. A skewed probability density function (pdf) of the array NF with a long tail toward high NF values is shown in Fig. 3 .
Filtering of 5G mmW radio card has been implemented both at the final mmW frequency and the IF frequency. A ceramic bandpass mmW filter with a center frequency of 28 GHz has been used, and the measured frequency response of the receiver is shown in Fig. 4 (a). The measurement was done from the antenna connector to the IF connector while varying LO frequency with fixed IF frequency. Low-pass and bandpass filters have been used at the IF frequency. The combined measured frequency response of IF filtering is shown in Fig. 4(b) . A ripple at the passband of the IF filter can be seen due to nonoptimal impedance matching. The measurement was done from the antenna connector to the IF connector with fixed LO frequency while varying IF frequency.
The linearity of the previous version of the receiver array with eight Rx chains has been OTA measured by using the 16-QAM modulated 100-MHz signal in [16] . The RX spectrum regrowth due to the Rx nonlinearity was measured by using adjacent channel power (ACP). The measured and modeled third-order input intercept point (IIP3) was −4 dBm. The IIP3 models third-order nonlinearity effect, only, and it omits other nonlinearity sources. Two other interference mechanisms in the Rx chain were measured from the downconversion mixer: LO/2 − IF and 5·LO − 2·RF. These mechanisms generate interference products to the Rx IF so that the IIP3 is not only a source of nonlinearity in the Rx.
The radio unit has been a phase calibrated based on OTA measured S-parameters, as described in [15] . The control of the antenna beam is implemented with software running on a dedicated processor board within the radio unit. One of the 16 signal paths was selected as a reference path, and phase responses of other paths have been compared to the reference path in both RX and TX modes, separately. The average phase over the 100-MHz operational channel was compared to the reference phase, and the difference has been used as a compensation value in RX and TX modes, since RX and TX modes have dedicated calibration tables. The optimal beam steering values for phase shifters for Rx and Tx have been calculated for each signal path in the processor unit, and calibration values have been added to the optimal ones to compensate for RF nonidealities.
Automatized OTA S-parameter measurements in RX and TX modes (16 antenna branches and 32 phase shifter values) took together 1 h [15] . The calibration measurements were performed separately for RX and TX modes, and the measurements were performed with fixed radiated power levels. Calibration value for phase shifter control word was calculated in MATLAB based on the measured S-parameter values. Floating-point numbers have been used in the processor unit to calculate target phase shift values for each of Tx and Rx paths. The target phase values for each RF branch have been calculated by the discrete Fourier transform method, which is used to create the beamforming weight vector to form the radiation pattern [15] . The 5-bit control word has been used from the processor unit to the phase shifter. Calibrations have been performed at room temperature, and ambient operating temperatures have been similar during EMC-laboratory and outdoor measurements.
The radio unit with active radio card consumes 135.0-W power in the 40-dBm TX mode and 30.0-W power in the RX mode. The size of the RF card is 19.0 cm × 19.0 cm, and the size of the complete RF unit is 37.5 cm × 56.0 cm × 6.0 cm, including two RF cards and a control board that includes the processor unit, voltage regulation, and fan control.
III. EVM MEASUREMENT METHODS
OF THE 5G mmW RADIO The distance of a radio link depends on the signal quality over the link, which can be measured with the system EVM. The main contributors for the signal quality are radiated TX power level, signal attenuation between Tx and Rx units, NF of the Rx, and EVMs of TX and RX. Theory for NF of the antenna array has been presented in [17] and OTA testing of it in [18] .
The system EVM is a combination of TX and RX EVMs [9] , and the contribution of EVM of the measurement system should be included in the analysis. If EVM contributions are uncorrelated, which is usually a valid assumption, then the EVM contributions can be combined as
where EVM TX , EVM RX , and EVM RFEquip are EVMs of TX, RX, and the measurement system, respectively. P TX is the transmission power level, P RX is the received signal level, and EVM is a function of the transmission and reception signal levels. EVM RFEquip is a combined performance of the measurement system (signal generation and analysis) that is measured using signal levels at the input and output of the device under test (DUT). The EVM RFEquip can be measured by using reference setups, i.e., conductive and OTA, as shown in Fig. 5 (a) and (b). The TX power level P TX is defined as effective isotropic radiated power (EIRP) in the mmW OTA measurement
where P EIRP_TX is the radiated TX power from the radio unit, P Cond_TX is a total conducted TX power, and G TX_ant is a total TX antenna array gain, including gains of individual antenna elements and the array gain. Two power control schemes were used for the TX power control: power control with variable attenuators with a fixed IF signal level and a fixed attenuation setting with variable IF power level. The 5G mmW radio unit was designed to support 60-dBm EIRP power [18] , but to guarantee the stability of the Tx chain, at least 13-dB variable attenuation (19-dB absolute attenuation) was required between the preamplifier stages. Due to this practical reason, PA was driven in the linear mode with large back-off. The back-off has no impact on the link performance estimation method, but more attention needs to be paid to TX power control if the power stage is driven into the nonlinear mode. In the experimental setup introduced in Section IV, nonlinearity is present but mainly dominated by the mixer and PA driver stages. Therefore, the TX power control range of attenuators was also limited to 18 dB from the available 31 dB. To study the nonlinear effects, large enough IF power was used in the tests to drive the mixer and the PA driver stages. Also, the IF input power level of the TX was varied 20 dB from the external signal source having a maximum power of −2 dBm. The maximum achievable stable TX gain in the platform was 14 dB, resulting in 45-dBm EIRP output power of the array. The radiated TX power has been measured by using a setup shown in Fig. 5 (c). The far-field distance of the antenna array [14] is 1.8 m, and the measurement antenna was placed at a 2.5-m distance from the radio unit. The OTA measurements were performed by using 5G NR signal at 40-dBm EIRP power. The maximum, stable measured radiated TX power was limited to 45 dBm and still complying with the −28-dB ACP ratio (ACPR) requirement set by the 3GPP standard. Average conducted TX power level fed into each 16 antenna ports was 14 dBm to achieve 45-dBm EIRP, since the antenna element gain was 9 dBi and the post-PA loss was 2 dB. The average root mean square (rms) conducted TX power was at a 25.5-dB back-off from the saturation power of the PA at 45-dBm EIRP. Simulated and measured crest factors for all used 5G NR modulations (16-QAM, 64-QAM, and 256-QAM) were 10.9 dB at 10 −3 peak probability. Modulation order does not have a significant impact on the crest factor due to the dominance of OFDM. Thus, the highest modulation peaks were 15.6 dB below P sat of the PA at 45-dBm EIRP, which ensures that the TX at the maximum EIRP operates on the linear operational region of PA. A similar TX EVM performance at 40-and 45-dBm EIPR powers can be expected. However, the maximum transmission level must be lowered in the OTA measurements, since the maximum TX power will compress the Rx and a dynamic range of the EVM measurement is degraded in the laboratory. In the system analysis, the received OTA signal level in the receiver can be calculated as
where P RX_tot is the received power of receiver of the antenna array, and FSPL is the free-space path loss. The received signal level at the output of the array receiver at IF frequency is
where G RX_ant is the total Rx array gain, including gains of individual antenna elements and the array gain, and G RX is a total conducted gain of the array receiver. The conducted gain of the receiver can be varied with attenuator settings of the receiver, and the gain control range of the Rx is 31 dB. The maximum Rx gain, including the total Rx antenna gain and the conducted gain at maximum setting, is 19.8 dB.
An estimated link distance D can be calculated by extending the free-space loss of the measurement distance by attenuating the TX power level and received signal level. D can be calculated from the LOS link equation based on the received signal level at the output of the receiver as
where P RX_out_max is the maximum RX output level with the maximum TX power, P RX_out is the measured RX output level at the output of the receiver array, EIRP_TX is the TX power attenuation from the maximum TX EIRP, and f is the operating frequency of 28 GHz. The 5G test signal waveform following the 3GPP 5G NR standard [8] is generated by Keysight M8190A arbitrary waveform generator (ARB), as shown in Fig. 5 . The ARB is connected to an RF signal generator (RF gen) Keysight E8267D PSG by differential IQ signal for upconversion to RF or IF. The EVM is measured with Keysight N9040B (UXA) digital signal analyzer and analyzed with Keysight 89600 VSA software. All EVM measurements have been done with 100-MHz-wide 16-QAM, 64-QAM, or 256-QAM cyclic-prefix orthogonal frequency-division multiplexing (CP-OFDM)-modulated signals.
The OTA measurements have been done inside a 10 m × 6 m × 5 m EMC chamber in the LOS condition. The size of the EMC chamber fulfills the size requirement for radiated emission testing according to major EMC standards [19] . Measurement inaccuracies have been standardized for 5G mmW OTA system in [20] . A 95% confidence interval for TX power measurement is ±1.7 dB, which corresponds to ±2σ tolerance area, and thus, the allowed measurement uncertainty is σ = 0.85 dB [20] . 
IV. SYSTEM EVM MEASUREMENT TO BORESIGHT DIRECTION WITHOUT BEAM STEERING

A. System EVM Measurements in EMC Laboratory
The system EVM measurement to the boresight of the radio unit without electrical beam steering has been done to validate the proposed system EVM measurement flow, as shown in Fig. 5 . First, the conducted reference EVM of the measurement system is verified. The conducted EVM for the system is 0.446% at 4-GHz IF frequency and 1.776% at 28 GHz for the measurement setup shown in Fig. 5(a) . An additional OTA contribution to the measurement system EVM is measured, as shown in Fig. 5(b) , and the contribution is 2.60% due to, e.g., channel estimation, equalization, and compensation filtering inside of the UXA and potential signal reflections of the EMC laboratory. Next, the standalone EVM of the TX is measured, as shown in Fig. 5 (c). In the standalone TX EVM measurement, the OTA and conducted EVM contributions are subtracted from the TX EVM measurement result. The RX EVM performance can be done, as shown in Fig. 5(d) , and the RX EVM can be calculated by subtracting other contributions from the measured system EVM result. Finally, the applicability of AGC-based signallevel variation is verified with an absorber tile measurement, and the measurement setup is shown in Fig. 5 (e).
The system EVM measurements are done by varying the TX and the RX signal levels independently. Measurements were performed with four fixed TX power levels, and the RX signal level was changed within the RX AGC control range at each TX level, as shown in Fig. 6 . The power control measurement curves are overlapping in Fig. 6 , and the best measured EVM result at the RF input level is reported in summary Fig. 7 (b). The measured constellation is symmetrical without constellation point rotations, which are typical for phase-noise-limited radios.
An example of measured EVM constellation with 64-QAM over the OTA link is presented in Fig. 7(a) with the setup shown in Fig. 5(d) . A summary of system EVM measurements with 5G NR 64-QAM-modulated 100-MHz signal is shown in Fig 7(b) . The measurements have been done in the EMC laboratory at a 5-m distance. The minimum measured total system EVM is 3.90% when the RX input signal is still on the linear region of the Rx input level, as shown in Fig. 7(b) . The TX EVM varies from 2.78% to 4.27%, while the minimum is reached at maximum TX power since the signal-to-noise (SNR) of TX is maximized. The measurement system has the smallest contribution (0.44%) to the system EVM. The minimum OTA measured RX EVM is 2.34%, which is close to the conducted RX EVM performance (2%) [13] .
The NF of the RX array has been calculated by curve fitting the thermal noise level with varying NF values, as proposed in [18] . The RX NF modeling was done for EVM values between −58and −68-dBm RX input power levels, where the EVM curve follows a linear 1:1 slope on the logarithmic scale. Curve fitting was optimized with the least-squares method for EVMs on a percent scale and a logarithmic scale, and both curve fittings result in a 5.0-dB NF for the Rx array. The measured Rx array NF of 5.0 dB follows the calculated maximum component gain and minimum component NF curve in Fig. 3 . It can be seen from Fig. 3 that the NF of the Rx array increases by 1.5 dB within the 20-dB RX gain control range.
The AGC varied signal-level test method was validated by system EVM measurements that were done with maximum Tx power with an absorber tile placed between the Tx and Rx units, as shown in Fig. 5(e) . Measured attenuation of the absorber tile was 32.8 dB at 28.0-GHz frequency. The measured system EVM values with the absorber method match with TX and RX AGC varied system EVM measurement results between −70 and −81 dBm, as shown in Fig. 7(b) . Minimum RX attenuation values were used when the absorber measurement was performed. Thus, the RX and TX gain controls can be used to control a path loss seen by the signal from the Tx to the Rx unit or virtually change the physical distance between the Rx and Tx units. The AGC should be placed in the signal processing chain such that it has only a minor impact on the DUT EVM. Here, a high array gain and the location of the AGC in the common signal path in both at TX and RX signal paths guarantee this condition.
The EVM curve shown in Fig. 7 (b) can be divided into four different regions. At the highest RX input signal levels, the linearity of the Rx limits the system EVM performance. The system EVM is improved when the RX level is decreased, and the optimum can be found when the noise level in the Rx is not dominating the performance and the received signal is below the compression level. At the noise-limited EVM performance region, the noise level limits the system EVM performance, as shown in Fig. 7(b) . The TX EVM performance typically starts to contribute to the system EVM performance at the lowest RX input signal levels when TX is at the highest power.
Additionally, the digital modulation will limit the EVM performance when the Rx NF performance (light blue curve) deviates from the measured total EVM performance (dark blue curve) in Fig. 7(b) . As the order of the modulation increases, the number of ideal modulation points increases, which increases the probability of a random point to be close to any optimal modulation point. Thus, the EVM performance saturates when the order of the digital modulation increases, which has been demonstrated in [21] .
The 10-dB-wide region labeled as max EVM region in Fig. 7(b) represents the optimum range of the RX input signal. The RX EVM (nonidealities of the Rx) is dominating the system EVM performance over TX EVM (nonlinearity of the TX) in all other the measurement regions than in the optimum EVM range. For this reason, the power control of TX and AGC in the RX needs to be controlled and optimized carefully during measurements. The RX performance mainly limits the measured system EVM performance, and thus, most of the following performance measurements and analyses are performed from the RX point of view.
The BER/BLER provides correct performance metric of the radio link. However, access to such information depends on the modem manufacturer, and it is rarely available. The RF performance is mainly evaluated, for example, in the 3GPP standard using a limited set of test cases that are done with white noise channel and predetermined coding. Therefore, in these standardized cases, the relationship between RX EVM and BER/BLER is straightforward. The TX performance is specified directly with EVM performance, e.g., in the 3GPP standard [6] .
Statistical measurement system analysis (MSA) is used to validate the repeatability of the measurements and to analyze the impact of the measurement environment to the results. Gage repeatability and reproducibility (Gage R&R) is a commonly used method to quantify the measurement error [22] . The Gage R&R method is based on the variance analysis, and it can determine variations from the total measured variance introduced by parts, operators, and measurement repeatability, which can be expressed as [22] 
where σ 2 T is the total observed variance of measurement results, σ 2 P is the variance of measured DUTs, σ 2 O is the variance due to the operator (or equipment), and σ 2 R is the variance due to repeatability. The MSA analysis for the OTA EVM measurement within the EMC chamber has been done with two operators, three sets of 12 repeated measurements, and in 1-h interval. One DUT has been measured with the same measurement system and with the same system configuration leading the DUT contribution σ 2 P = 0 in (6) . The total observed measurement error in the EVM measurement due to operators and repeatability is σ T = 0.042%. When the measurement error is compared to minimum measured EVM value 3.90%, then the error is 0.042%/3.90% = 1.07%, which is significantly better than the threshold value 10% for a good quality measurement system [22] . 
B. System EVM Measurements at Outdoors
The system EVM measurement has been done outdoors to validate the virtual link EMC chamber measurements. Measurement arrangements for the EMC chamber and outdoor measurements are shown in Fig. 8 . The EVM measurement arrangement shown in Fig 8(a) is the same, as shown in Fig. 9 . The photograph in Fig. 8 (a) has been taken from behind of the Tx DUT toward the Rx DUT direction. The measurement setup for the 90-m link range experiment is shown in Fig. 8(b) .
The EMC chamber measured system EVM values as a function of the expected link range are shown in Fig. 10 . The measured system EVM value degradation close to the Tx unit can be seen from the measurement results, which is caused by the limited linearity of the RX. The system EVM measurement was done at outdoor at the same TX power level to validate the link range estimations.
Two measurement outdoor measurement campaigns were performed to validate the link ranges estimated in the EMC chamber. The first campaign concentrated on long-range performance up to 90 m, which was limited by the cable length and signal quality of the synchronization signal. Measurements were performed with 16-QAM and 64-QAM modulations.
The second outdoor measurements concentrated on short distance system EVM performance in order to validate the RX saturation phenomenon with a fixed RX gain. The 64-QAM modulation was used in the measurement, and the results are shown in Fig. 10 . The system EVM performances of 64-QAM in two different measurements at a 30-m distance are close to each other. A good correlation between the EVM values from the chamber and outdoor measurements can be seen in Fig. 10 .
C. System EVM Measurements and 5G NR Standard
The TX EVM performance of 5G BSs has been standardized in [6] , and a summary is shown in Table I . The TX EVM performance is specified for 5G mmW BS up to 64-QAM, but 256-QAM is available for sub-6-GHz BS only. It should be noted that there is no system EVM requirement in the standard. The system EVM requirement is shown at the bottom of Table I based on modulation properties and (1), assuming that the system EVM budget is equally shared between the BS Tx and the user equipment (UE) Rx. This is a valid assumption for TDD backhaul system where both ends of the wireless link are similar, and the maximum EVM performance is ultimately limited by the phase noise performance of the LO. Alternatively, the TX EVM performance can be used as a system EVM specification limit, if the UE is designed to have a much lower RX EVM than the TX EVM of the BS. However, this approach will have a direct impact on the UE component specifications, e.g., phase noise level of the Rx LO, leading to increasing current consumption compared with balanced EVM contributions case.
The 5G mmW PoC radio has been designed to support signals up to 800-MHz signal bandwidth with eight 100-MHz component carriers (CCs) [13] . The OTA system EVM measurement of eight CCs with 64-QAM was done, and the results are shown in Fig. 11 . The combined IF frequency responses of the TX and RX create amplitude, and EVM ripples to the measured results over eight CCs. The 5G PoC radio supports four 100-MHz 5G NR carriers (carrier indexes 4-7) with similar EVMs and up to eight carriers with degraded EVM performance. The EVM value is degraded due to amplitude roll-off of combined TX and RX frequency responses, and a combined −3-dB system signal bandwidth is 350 MHz, as shown in Fig. 11 . The four CCs are the maximum configuration in the current 5G NR standard [6] .
V. SYSTEM EVM MEASUREMENT WITH BEAM STEERING
A. Measurement System Setup for OTA Beam Steering
The 5G radios will need a beam steering capability to direct narrow transmission and reception beams to optimum directions to enhance communication signal levels and data rates. Beam steering performance of the 5G mmW radio has been characterized by measurements performed inside the EMC chamber. An overview of the measurement setup is shown in Fig. 9 . Two radio units are facing each other spaced 3.5 m apart. The Rx DUT was placed on a rotating table that is controlled by a control PC. The Rx DUT can be rotated by 180 • , and the location of the TX DUT was fixed during the measurements. The same PC controlled the transmission power of the TX DUT by adjusting the TX IF power level and received power levels of the Rx DUT during power level sweeps in the system EVM measurements.
If the Rx DUT is rotated without any beam steering capability, the RX beam will be directed away from the Tx unit. Thus, the RX beam is electrically steered equally in the opposite direction to compensate the beam misalignment due to the Rx DUT rotation, which is shown in Fig. 12 . The OTA measurement for boresight direction is shown in Fig. 12(a) , which is the same measurement setup as shown in Fig. 5(d) . The 5G mmW radio unit ±15 • beam steering measurements have been performed with 5G NR 100-MHz 64-QAM signal, and the results are shown in Fig. 13 . The grating lobes are located at −45 • and +42 • , and the levels of those are −11.0 dBc. Variation of signal power level of the main beam within ±15 • steering is 0.85 dB. The DUT is capable of RX and TX electrical beam steering with 1 • resolution [15] , [23] . A steered beam measurement configuration is shown in Fig. 12(b) , where Rx DUT is rotated +15 • in the horizontal direction, and the RX beam is steered ±15 • . The Rx DUT receives the TX signal from the boresight direction when the RX beam is steered −15 • in the horizontal direction. The DUT positions are fixed in the vertical direction, and there is no RX beam steering in the vertical direction. The OTA system EVM and RX power level measurements have been done with a 5 • beam steering step and 1 • physical rotation step. The effect of increasing NF at high RX attenuation settings has not been compensated in the system EVM analysis.
B. Beamwidth Definition Based on EVM Measurements
The most widely used beamwidth (BW) definition is the half-power beamwidth (HPBW). The HPBW is the angle between the half-power (−3 dB) points of the main lobe when referenced to the peak effective radiated power of the main lobe [24] . This BW definition assumes that the TX signal covers a geographical area, where the SNR can be reduced by 3 dB from the main lobe direction. However, sometimes, this assumption is not valid due to the used high-order digital modulation. The BW definitions are presented in Fig. 14. Another widely used BW definition is the first null beamwidth (FNBW), which is the angular width between the first nulls adjacent to the main lobe [24] . The FNBW gives the maximum angular width of the main lobe, but the transmission signal level at the edges of the FNBW is low and cannot support high-order digital modulations.
For this reason, a new BW definition is proposed based on the system EVM measurement. The system EVM-based BW is a more realistic cell coverage metric than the HPBW or FNBW, since it is defined based on system performance requirement and not only based on the signal power level.
The system EVM-based BW is defined with a contour of measured system EVM value over a coverage area expressed with an observation angle. The system EVM contour is defined as a threshold value with which the measured system EVM needs to comply. The threshold varies based on the used modulation and coding scheme, and thus for one beam with a fixed −3-dB BW or HPBW, there may be multiple EVM-based BWs, which is shown in Fig. 14(b) . The proposed EVM-based BW varies based on the received signal quality or RX EVM, which is a function of the link range and received signal power. The EVM-based BW changes based on the used modulation, and this is a similar kind of phenomenon as cell breathing in a wideband code division multiple access (WCDMA) system, where the coverage of the cell changes based on the traffic load of the cell and based on the modulations used by the users [25] .
The received signal power measurement results of 5G NR 16-QAM modulated signal with beam steered to 0 • and 15 • are shown in Fig. 15(a) and (b), respectively. The signallevel measurement is done at the output of the Rx at IF frequency. The HPBW is ±3 • around the target steering angle, as can be seen from Fig. 15(a) and (b) . The FNBW is ±7 • for the signals, as shown in Fig. 15(a) and (b) , regardless of received signal power level. The same HPBW and FNBW results were measured with 64-QAM and 256-QAM modulations.
The measured system EVM-based BWs of 16-QAM, 64-QAM, and 256-QAM modulations are compared with HPBW and FNBW in Fig. 16 . The HPBW is a reasonable estimate of the beam coverage close to the sensitivity level of the system. The system EVM-based signal BW converges toward FNBW when the received signal level increases, and thus, the FNBW is a reasonable estimate of beam coverage when estimating coverage at high signal levels. Two system EVM requirements have been studied for EVM BW, and both converge toward FNBW, but the shapes of the EVM beams are different. The EVM beam shape at 256-QAM is narrower than the FNBW estimates due to the high SNR requirement to fulfill the EVM threshold value.
C. System EVM Measurement of 5G NR 16-QAM With Beam Steering
OTA received signal power-level measurement at the output of the Rx is measured, as shown in Fig. 15 . A TX EIRP 40 dBm has been used in the measurements. The received signal power level has been varied with the input signal level of the Tx and with attenuators in Rx signal paths. The expected received RX signal level at the IF output port of Rx has been calculated and compared with measured values at the boresight direction or 0 • steering angle in Fig. 12(a) . A good agreement has been seen over the dynamic range of the measurement. The total standard deviation error between the expected and measured results of transmission power is 0.5 dB over 45-dB measurement dynamic range, where 20 dB has been implemented with TX power control and 25 dB with RX gain control. The measurement accuracy of the OTA system fulfills the accuracy requirement of the 5G NR mmW OTA standard, as described in Section III.
Compression of the received signal at the highest RX input signal levels can be seen in Fig. 15 The system EVM measurements with ±15 • beam steering have been performed using a 16-QAM 5G NR signal, and an example EVM measurement result is shown in Fig. 17(a) . The electrical beam steering has been done for the Rx DUT from −15 • to +15 • with 5 • steps with 1 • physical rotation, as shown in Fig. 12 . Threshold values for system EVM results are presented in Fig. 17 The shape of the system EVM curve of 16-QAM follows the form of the received signal power, as shown in Fig. 15 , when the threshold value is high. The EVM values are limited to 25%, since beyond this, EVM value measurement equipment loses synchronization.
The system EVM performance is impaired at the direction of the main beam at the highest RX input powers due to the compression of the Rx or when the Rx DUT is nearby to the Tx DUT. The shape of the EVM curve at high RX input power levels is not similar to low RX input power levels since the performance of the EVM at high input power levels is affected by nonlinear effects [26] . The effect is visible at sidelobes, where the TX EVM threshold limit does not follow the shape of the power level. The optimum EVM performance of 3.24% is achieved with −55-dBm main beam signal level. The sidelobes generate reasonably good coverage around the main beam, which could be used to overcome the problem of RX blocking. One method to do gain control could be that at high input power levels, the Rx unit may steer the main beam away from the TX direction and use a sidelobe for reception. A summary of the best EVM values over the beam steering angles is shown in Fig. 17(b) . It can be seen from the summary that system EVM values are almost identical over different beam steering angles with 16-QAM modulation.
D. System EVM Measurement With 5G NR 64-QAM With Beam Steering
The system EVM measurements with ±15 • beam steering have been measured with 64-QAM 5G NR signal, and the results are shown in Fig. 18 . The received RX signal levels at 64-QAM modulation are similar to 16-QAM modulation, which are shown in Fig. 15 .
The shape of the EVM curve of 64-QAM modulation in Fig. 18(a) deteriorates slower than the EVM curve of 16-QAM in Fig. 17(a) . Even if the EVM curve of 64-QAM is flatter than 16-QAM, the specification limit for system EVM tightens when the order of the modulation increases to guarantee successful communication, as shown in Table I . The minimum measured EVM value for 64-QAM was 3.29% in Fig. 18(b) . The shape of the EVM curve at low RX input levels follows the form of the power level. Nonlinearity effects can be seen at RX input levels above −45 dBm in the main beam since the EVM response varies in different directions.
A summary of the best EVM values for 64-QAM over the beam steering angles is shown in Fig. 18(b) . Measurement steps of the electrical beam steering are visible in Fig. 18(b) . The combined threshold value responses of 16-QAM and 64-QAM look similar even though the curvatures of the EVM responses are different in Figs. 17(a) and 18(a) .
E. System EVM Measurement With 5G NR 256-QAM With Beam Steering
The received 256-QAM RX power level curves are very similar to 16-QAM shown in Fig. 15 (a) since the same RF settings have been used for all modulations. The system EVM measurements with ±15 • beam steering have been measured with 256-QAM 5G NR signal. The EVM curve of 256-QAM in Fig. 19(a) is flatter than 64-QAM in Fig. 18(a) as expected. The same standardized EVM performance for sub-6-GHz frequencies is hard to achieve at mmW frequencies. The smallest 256-QAM 5G NR OTA measured system EVM value was 3.99%. This measured value fulfills the system EVM specification of 4.5% from Table I when the equal contribution from TX and RX EVMs is assumed. The measurement results in Fig. 19(a) and (b) confirm that 256-QAM could be used at mmW frequencies with a limited link range.
The needed 256-QAM system EVM performance can be achieved only at the main beam direction, as shown in Fig. 19(a) . The EVM curve shape is not following the received signal level, since only three EVM lobes are visible in Fig. 19(a) instead of five lobes. The RX blocking performance limits the available signal range more with 256-QAM than with other modulations. The combined performance of 256-QAM over ±15 • beam steering is shown in Fig. 19(b) . It can be seen from Fig. 19 (b) that the measured coverage area is a not uniform. The available signal range for 256-QAM link is limited by the phase noise performance of LOs, TX EVM performance, and nonlinearity of the Rx.
F. Cell Coverage With Automatic Beam Steering
Combined RX signal power levels from each measured beam steering angle with 16-QAM are shown in Fig. 20 . The received RX signal power is substantially constant over the whole beam steering range and the dynamic range of OTA measurements with 16-QAM. The 5 • electrical steering steps are visible from the results, but the combined received signal −3-dB BW is ±3 • , which covers almost fully the granularity of the electrical step size. Similar combined received RX signal levels are measured with 64-QAM and 256-QAM, since the same RF attenuator and phase shifter settings have been used for all modulations.
A link range estimation for 16-QAM over the beam steering has been done based on the measured system EVM performance presented in Fig. 17(b) and applying (5) to convert the received signal level to the corresponding distance. The link range estimation is shown in Fig. 21(a) . Similarly, link ranges are estimated for 64-QAM, which is shown in Fig. 21(b) , and for 256-QAM, which is shown in Fig. 21(c) . The expected link ranges with 40-dBm TX power using 16-QAM, 64-QAM, and 256-QAM are 475, 366, and 88 m, respectively, with the assumption that the equal contribution system EVM limit from Table I is used. The expected cell ranges are shorter if the system EVM threshold is the TX EVM specification with a perfect Rx. The cell ranges are 319 m with 16-QAM and 221 m with 64-QAM. The 256-QAM cannot be supported if the system EVM is limited to TX EVM specification only.
BSs are classified to different sector classes by how many beams are needed to cover a 360 • circle. The implemented ±15 • horizontal steering corresponds to a 12-sector antenna.
Estimated link ranges of 16-QAM, 64-QAM, and 256-QAM presented in Fig. 21 are shown as physical coverage areas in Fig. 22 . The coverage areas, with the equal TX and RX contributions to system EVM specification, are 64 800 m 2 with 16-QAM, 38 950 m 2 with 64-QAM, and 2200 m 2 with 256-QAM. A smoother coverage area prediction would have been reached if electrical beam steering granularity and measurement time had been increased considerably. A complete EVM performance measurement over steering angles took tens of hours to perform with the used granularity.
The ranges and coverages can be improved when the radio unit is tuned to the maximum 45-dBm TX power without TX EVM degradation compared to 40-dBm operation. The cell ranges can be extended up to 840 m with 16-QAM, 650 m with 64-QAM, and 150 m with 256-QAM. Estimated coverage areas for 16-QAM, 64-QAM, and 256-QAM are 205 000 m 2 , 122 800 m 2 , and 6500 m 2 , respectively.
VI. CONCLUSION
The range of the wireless link is specified by system EVM, which is a combination of TX and RX EVMs. Maximum allowed system EVM depends on the used modulation, coding, signal processing algorithms, and EVM system partitioning between the TX and RX EVMs. It was demonstrated that TX and RX AGCs in the common path of the RF phased array can be used to virtually extend the distance between the Tx and Rx units by increasing signal attenuation between Tx and Rx. A good agreement of system EVM results measured in the EMC chamber and 90-m outdoor testing has been reported. The advantage of EMC chamber-based OTA system EVM performance measurements is that the link range estimations can be performed indoors without time-consuming outdoor measurements.
It has been demonstrated that 256-QAM modulation can be used at the 28-GHz frequency, for example, as a mobile backhaul even though it has not been specified in the 3GPP 5G NR specification for mmW operation. The OTA measurementbased link range estimation for maximum 5G mmW link with 40-dBm TX EIRP is 475 m in LOS condition using 16-QAM modulation and 840 m with 45 dBm. The assumption is that TX and RX EVMs are equally contributing to the system EVM performance. The cell coverage estimation for 16-QAM modulation is 64 800 m 2 . The link range is estimated for the 64-QAM as 366 and 88 m for the 256-QAM modulation. The cell coverage areas are estimated, and the coverage for the 64-QAM is 38 950 m 2 and the coverage for the 256-QAM is 2200 m 2 with the equal system EVM partitioning between the TX and RX EVMs. Measurements show that beam steering impacts the RX EVM performance. At high RX input signal levels, EVM beam shape is different than with RX level close to the sensitivity level. Described measurement methods can be used to evaluate beam steering in a practical system.
The usable communication BW of the 5G system changes based on the used modulation order creating potential beam breathing phenomenon, since higher order modulations narrow usable communication BW and shorten the cell coverage causing potential problems in network planning.
